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Abstract
The increased application of nanomaterials has raised the level of public concern regarding possible toxicities caused by
exposure to nanostructures. The interactions of nanosized hydroxyapatite (HA) with cytochrome c and hemoglobin were
investigated by zeta-potential, UV-vis, fluorescence and circular dichroism. The experimental results indicated that the
interactions were formed via charge attraction and hydrogen bond and obeyed Langmuir adsorption isotherm. The two
functional proteins bridged between HA particles to aggregate into the coralloid form, where change of the secondary
structure of proteins occurred. From effects of nanosized HA, SiO2 and TiO2 particles on the zebrafish embryos
development, they were adsorbed on the membrane surface confirmed by the electronic scanning microscopy. Nano-HA
aggregated into the biggest particles around the membrane protein and then caused a little toxicity to development of
zebrafish embryos. The SiO2 particles were distributed throughout the outer surface and caused jam of membrane passage,
delay of the hatching time and axial malformation. Maybe owing to the oxygen free radical activity, TiO2 caused some
serious deformity characters in the cardiovascular system.
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Introduction
Recently, the growing industrial usage of nanomaterials brings
an urgent need for information on their potential health effects [1],
[2], [3], [4], [5], [6], [7]. Due to their distinctive physico-chemical
characteristics of nanomaterials including chemical reactivity, their
possible toxicity may differ from that of the bulk material of similar
chemical nature [8], [9], [10], [11], [12]. Nanomaterial particles
are smaller than cells so that they may penetrate various tissue or
even cell and then produce a physical damage. For example,
oxidative stress caused by nano-sized particles can damage lipids,
carbohydrates, proteins and DNA; in particular, lipid peroxidation
is considered most dangerous as it alters cell membrane properties
[13], [14], [15], [16]. Many epidemiological and experimental
studies have indicated that ultrafine particles are closely associated
with respiratory and cardiovascular diseases [16]. There is
evidence that nanomaterials including nano-hydroxyapatite
(nano-HA), nano-SiO2 and nano-TiO2 can cause inflammation,
fibrosis, pulmonary damage and even DNA damage [17].
Nanoparticles eluded the phagocytic pathway and a few were
even seen to enter the nuclei through nuclear pores [11].
Functional proteins play an important role in organisms.
Cytochrome c (cyt c) can catalyze the hydroxylation and aromatic
oxidation, and show peroxidase activity by oxidizing various
electron donors [18]. Hemoglobin (hb) is well known for its oxygen
carrier function in animal vascular systems. It also aids, both
directly and indirectly, in carbon dioxide transport and regulates
pH of blood [19]. The interactions of nanomaterials with
functional biomolecules such as proteins, enzymes and DNA are
regarded as preconditions for their cytotoxicity and organ toxicity.
Various proteins have been investigated during recent years, e.g.
fibrinogen, human serum albumin and lysine [20], [21], [22], [23].
For example, Larsericsdotter reported electrostatic effects on
protein adsorption isotherm using differential scanning calorimetry
[24]. Motskin indicated that nano-HA can be toxic. The majority
of sequestered nanoparticles and microparticles ended up in the
phagocytic pathway and were dissolved over time within
lysosomes. Some escaped this pathway and ended up in the
cytoplasm and a few even translocated to the nucleus [11]. Nezu
and colleagues reported that electrostatic interaction was the main
mechanism controlling the adsorption of lysozyme to SiO2 [25].
As well known, any substance e.g. chemical can travel through
cell membrane and then be carried to nucleus and genes by the
carrier proteins in cytoplasm, thus causing inner toxicity. Their
interaction with proteins and DNA may help people understand its
toxicity-causing mechanism.
The toxicity effect can be reflected from the developmental
status of embryos. Zebrafish is a universal model for the study of
ontogenetic development, pharmacology, and toxicology. It is a
kind of small freshwater fish with a short lifecycle, high fecundity,
and especially the transparent trait during early life stage, which
makes it easy to visualizing vital dyes, fluorescent markers,
antibodies, and riboprobes in live and whole mounted fixed
specimens [26]. Zebrafish embryo has been proved to be a good
model vertebrate to assess the toxicity of nanoparticles [17], [26],
[27]. Ba and colleagues reported that nano-ZnO killed zebrafish
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25 mg/L), reduced the body length of larvae, and caused tail
malformation after the 96 hpf exposure [28]. Yeo reported that
the hatching rate of zebrafish embryos decreased in the nano-silver
exposed groups (10 and 20 ppt); furthermore, the hatched flies had
an abnormal notochord, weak heart beat, damaged eyes and
curved tail. The expression of the Sel N1 gene decreased in the
nanosilver exposed groups, and the catalase activities of the
exposed groups increased relative to those in the control group
[25]. Though nanosized materials cross the membrane pores into
cytoplasm causing various toxicities above, they may be adsorbed
on the out surface of membrane to cause a physical injury and
then influence the normal physiological metabolism of cell.
The objective of this work is to identify the effects of nano-HA
on protein conformation and their binding type and compare the
toxicological effect of three nanosized materials (HA, SiO2 and
TiO2) on development of zebrafish embryos, including mortality,
hatching rate and so on.
Results
Aggregation of proteins on nano-HA particles
In order to evaluate change of the HA particles in the presence
of cyt c and hb, the light absorption of liquids (A) was measured
from 450 to 600 nm (Fig. S1 A and B). Plots lgA vs. lgl was
regressed (Fig. S1 C and D). From the relation A~Qe{2l
{ ﬃﬃ
e
p
[29]
(l- wavelength, Q- number factor, proportional to particle number
and e - size factor, inversely proportional to particle size). HA-
particles increased in size with increase concentrations of cyt c
from 0 to 300 mg/L and hb from 0 to 60 mg/L. For example,
only 43 and 10% of the HA particles were more than 3 and 5 mm
in the absence of protein (Fig. 1 C), but these more than 90 and
57% appeared in 300 mg/L cyt c. The initial mean size 3.19 mm
increased to 1.6-fold when the cyt c exceeded 250 mg/L. With the
same method, 60 mg/L hb also saturated the HA particle surface
(Fig. 1 D).
The surface potential of HA was determined as illustrated in
Fig. 1 E and F. From the column height in Fig. 1 E, the f-potential
of the HA-cyt c aggregates decreased with increase of cyt c. For
example, f-potential decreased from 227.12 to +0.83 mv in
300 mg/L cyt c. The f-potential of HA decreased gradually with
increase of hb (Fig. 1 F). According to the recommended
procedure, the free proteins existed in the HA-proteins liquids
were determined from its supernatants and its mole number
binding to proteins calculated. Their relationship was given in
Fig. 2. From curves 1, the number (c) of proteins bound to HA
particles increased with increasing cyt c and hb concentration. All
c values approached constant maxima when protein (c0) was more
than 1.75 g/L in cyt c solution and 2.50 g/L in hb solution. The
Langmuir isotherm equation:
1
c
~
1
N
z
1
KNcL
(N - the saturation
number of protein, cL - the equilibrium molarity of protein and K -
the adsorption constant, M
21) [30] was used to fit the data. Plots
c
21 vs. cL
21 showed a good linearity (Fig. 2).
The fluorescence spectra of the HA-protein suspensions were
measured. The intensity decreased sharply with increase of HA
(Fig. S3 A and C), but cL of the free cyt c and hb decreased slowly
in the supernatant. (Fig. S3 B and D). For example, the
fluorescence of free cyt c changed by less than 10% in 50 mg/L
HA but that of the suspension decreased by 75%. When HA is
more than 700 mg/L, over 90% fluorescence of free cyt c was
scattered and over 60% that of free hb.
Identification of the binding subdomain
CD is often used to characterize the secondary structure of a
protein with b-pleated sheet, b-turn, a-helix and random coil. The
HA particles have a dramatic effect on the secondary conforma-
tion of cyt c and hb (Fig. S4). Being similar to the adsorption of
lysozyme on TiO2 nanoparticles, the a-helix and b-turn of cyt c
Figure 1. Variation of various factors measured in the HA-proteins liquids. Change of e (1) and Q (2) of 500 mg/L nano-HA in the presence
of cyt c (A) and hb (B). The size (.3 mm and .5 mm) fraction (C and D) and surface potential (E and F) of the suspending particles in the presence of
cyt c (C, E) or hb (D, F) at pH 7.4 in 0.15 M NaCl.
doi:10.1371/journal.pone.0032818.g001
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increasing HA. For example, the a-helix of cyt c decreased from
33.7% in absence of HA to 24.0% in 200 mg/L HA and the b-
pleated sheet increased from 0 to 20.8% (Table 1). By contrast, the
a-helix and b-turn fractions of hb increased with increasing HA
particle numbers but the b-pleated sheet increased from 0 to
20.8% (Table 1). By contrast, the a-helix and b-turn fractions of
hb increased with increasing of that of HA particles but the b-
pleated sheet decreased (Fig. S4 B). For example, the a-helix of hb
increased from 42.6% in absence of HA to 52.8% and in 200 mg/
L HA and its b-pleated sheet decreased from 19.6% to 0 (Table 1),
being similar to organic compound binding to lysozyme [31].
Effects of pH, ionic strength and temperature
The effects of pH, electrolyte and temperature on the
interactions of the two proteins with HA were determined
according to the recommended procedures (Fig. S5). The f-
potential of HA particles increased at pH.8 (Fig. S6). Being
similar to the interactions of cyt c, dnase II and hb with nano-SiO2
[32], c increased as the pH rose from 4.5 to 8.4 (Fig. S5 A and D).
Although the HA particle f-potential increased at pH above 8 (Fig.
S6), the Lys and Arg residues were less positively charged, so the
charge attraction between protein and HA particle weakened and
c decreased. c decreased as the temperature rose from 25 to 55uC
(Fig. S5 B and E) and decreased sharply with increasing electrolyte
(Fig. S5 C and F).
Effect of HA particles on the activity of cyt c
The protein conformation always corresponds to its function, so
structural change may alter normal physiological activity [33].
The function of cyt c is to transport electrons from cyt c1 to
cytochrome oxidase, a shuttle connecting two respiratory chain
energy transducers [34]. The activity of cyt c was determined in
HA media in Fig. 3, where cyt c inactivated approximately 68% in
300 mg/L HA.
The dynamic change of cyt c activity in HA (Fig. 3 B)
corresponded to the linear equation: A~ktzb where t is the
reaction time (min), k i.e. dA/dt the activity rate constant and b the
regression constant.
Effects of three nanomaterials on development of
zebrafish embryos and larvae
In the 200 mg/L nano-TiO2 exposure group (Fig. S7 B), none
of the embryos hatched out at 3 dpf, and some hatched out at
3.5 dpf (Fig. S7 B) with obvious pericardial edema (PE) and yolk
sac edema (YSE) (Fig. 4 B-3, 4). In the 400 mg/L nano-TiO2
exposure group, 30% of embryos and larvae showed PE and YSE
(Fig. S7 E, Fig. S7 H). However, none of embryos and larvae had
YSE in the HA exposure group. None of the embryos died before
hatching (3 dpf) (Fig. S7 J and L). The mortality exhibited an
obvious toxicity in .100 mg/L TiO2. All embryos and larvae died
in 400 mg/L TiO2 for 5 days exposure, while only 30% died in
400 mg/L HA and SiO2 (Fig. S7 J, K and L).
Discussion
From curves 1 in Fig. 1 A, B, the decrease of e indicated that
larger particles were formed in the presence of proteins. It may be
attributed to cyt c and hb binding to the particle surface. From
curves 2, decrease of Q with increasing proteins exhibited the
Figure 2. Variation of c of proteins in the presence of nano-HA. 1: c of cyt c (a) and hb (b) in the presence of nano-HA. a- the suspensions
containing 500 mg/L nano-HA and 10 to 200 mg/L cyt c and b- 2500 mg/L nano-HA and 20 to 300 mg/L hb. All of the liquids were at pH 7.4 in
0.15 M NaCl. 2: Plots c
21 vs. cL
21 of the above liquids.
doi:10.1371/journal.pone.0032818.g002
Table 1. Change of the secondary conformation factors of cyt
c and hb in the presence of nano-HA particles.
nano-HA added
into a-helix
b-pleated
sheet b-turn Random coli
cyt c A0
* 33.7061.85 0.0060 31.6061.28 34.7060.79
A1 24.0060.45 20.8060.56 23.6061.39 31.5061.46
hb B0 42.6060.47 19.6060.74 15.7060.75 22.0060.42
B1 54.8061.86 0.0060 26.4060.92 18.8060.43
*: A0 and B0- the absence of nano-HA; A1 and B1- 200 mg/L nano-HA added in
cyt c and hb solutions. All are three replicated determinations.
doi:10.1371/journal.pone.0032818.t001
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These were confirmed by their SEM images (Fig. S2). The HA-
only particles readily formed irregular self-aggregates, but they
adhered each other into coralloid in the presences of cyt c and hb.
Proteins therefore induced the aggregation of HA particles.
From change of the HA surface potential (Fig. 1 E and F) the
HA particle surface carried a number of negative charges. As is
well known, cyt c consists of 104 of amino acid residues, 24 of
which are basic (Lys, His and Arg) and 12 acidic (Asp and Glu).
The isoelectric point of cyt c is at 10.6 [35] and His residue is
positive at pH 7.4. Therefore, the positive-negative charge
attraction induced cyt c binding to HA, being similar to the
interaction of lysozyme with TiO2 and that of SiO2 with cyt c,
dnase II and hb. The side groups of 21 Lys residues including 5, 7,
8, 13, 22, 25, 27, 39, 53, 55, 60, 72, 73, 79, 86, 87, 88, 99 and 100
and Arg38 and 91 might bind directly to the HA surface. The
isoelectric point of hb at 6.8 [36] and it consists of 4 peptide chains
with 572 amino acid residues, 62 of which are charged positively,
i.e. Lys7, 11, 16, 40, 56, 61, 68, 90, 99, 127 and 139, and Arg31,
92 and 141 on chain a; Lys7, 16, 18, 58, 65, 75, 81, 94, 103, 119
and 131, and Arg29, 39, 115 and 143 in chain b; Lys7, 11, 16, 40,
56, 61, 68, 90, 99, 127 and 139, and Arg31, 92 and 141 in chain c;
and Lys7, 16, 18, 58, 60, 64, 65, 75, 81, 94, 103, 119 and 131, and
Arg29, 39, 115 and 143 in chain d. In contrast to cyt c, hb carries
a net negative charge at pH 7.4. The f-potential of the HA-hb
aggregate therefore approached a constant value of 211 mv in
any hb concentration (Fig. 1 F).
From curves in Fig. 2, the interactions obeyed the monolayer
adsorption. From the intercepts of lines 2 in Fig. 2, N values of cyt
c and hb were calculated to be 10.260.2 and 0.04360.001 mmol
per gram of HA. From the slopes, their Ks were calculated to be
3.90610
7 and 4.73610
5 M
21. Therefore, proteins firmly bound
to HA particles. N decreased with increasing peptide chain length.
It indicates that the binding depends on both the length and the
Figure 3. Effect of nano-HA on the cyt c activity. A: Changes in cyt c peroxidase activity, where the suspensions contained 100 mg/L cyt c and 0
to 400 mg/L nano-HA particles at pH 7.4 in 0.15 M NaCl. B: Effect of time on absorbance of the nano-HA-cyt c suspensions initially containing
0.100 g/L cyt c, 0 to 400 mg/L nano-HA (curve 1 to 5), 25 mM ABTS, 120 mM hydrogen peroxide, and 0.15 M NaCl at pH 7.4, all measured against the
reagent blank. C: Effect of nano-HA on the activity rate constant (k=dA/dt) (1) and free cyt c (ccyt c) (2).
doi:10.1371/journal.pone.0032818.g003
Figure 4. SEM images of Zebrafish embryos. Embryos exposed for 8 h in distilled water (A), 400 mg/L nano-TiO2 (B), 400 mg/L nano-SiO2 (C)
and 400 mg/L nano-HA (D). The freeze-drying of embryos was carried out at 255uC for 12 h.
doi:10.1371/journal.pone.0032818.g004
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number of Lys and Arg residues. In addition to the positively and
negatively charged residues, proteins contain polar residues e.g.
Thr, Tyr, Asn, Gln, Cys and Ser. In fact, hydrogen bond formed
between HA and these polar groups in the N-H???O and O-H???O
form, when the positively charged side groups bound to HA. For
example, the polar residues of cyt c, e.g. Thr89, 63, 58, 49, 47 and
28, Tyr74, Asn103, Gln12, 16 and 42, and Cys14 and 17 locating
around the residues positively charged, also bound to HA via
hydrogen bond. The N values of the two proteins (Fig. 2) were
much higher than that of OVA [37]. As a result, the electrostatic
attraction was the main interaction inducing force [37]. Thus, the
proteins bound to HA particles by a combination of charge
attraction and hydrogen bond.
The light scattering of HA particles was obvious so that the
fluorescence quenching of the liquids occurred obviously. An
additional reason is that the side groups of tryptophan residues:
Trp59 in cyt c and A-Trp14, B-Trp36, C-Trp14, D-Trp14 and D-
Trp36 in hb (Fig. 5) may directly bind to HA particles via the N-
H???O and O-H???O hydrogen bond owing to twist and
deformation of cyt c and hb. A red shift of the emission peak
appeared (Fig. S3 A–D). It is attributed to a strong light-scattering
of HA particles at short wavelength. Moreover, the presence of
HA had not affected the conformation of protein freely existed in
the liquids.
The a-helix area of cyt c bound directly to the HA particles and
the press and pull interaction broke the original hydrogen bonds
on a-helix, changing the spiral peptide chain into a sheet-like
conformation (Fig. 5A). By contrast, the b-pleated sheet area of hb
bound directly to the HA particles and the press and pull
interactions twisted the sheets (Fig. 5 B). Thus, a helix-like
structure may be formed. Such a conformation change may alter
the microenvironment around Trp residue and then caused the
fluorescence quenching (Fig. S3 B).
In pH.8 media (Fig. S6), Lys and Arg residues were less
positively charged, so the charge attraction between protein and
HA particle weakened, i.e. c decreased. From c decreasing with
rise of temperature, the protein conformation may be expanded at
a higher temperature. It is different from the adsorption of
lysozyme on nano-TiO2 but similar to the interactions of proteins
with SiO2. The c decreasing sharply with increasing ionic strength
reflected that electrostatic attraction is the main interaction force.
The double electric layer on HA particles adsorbed Na
+, so the
positively charged side groups of proteins are repelled. The
induction, orientation and dispersion forces between a protein and
HA got stronger in a high salt medium owing to polarization,
which is different from the interaction between HSA and nano-
TiO2.
From Fig. 3 C, Plots k vs. cHA was linear and the activity rate
constant was inversely proportional to HA content. This is
attributable to the fact that positively charged His residues bound
to the HA particle surface. The active site was covered and
therefore inactivated. The cyt c binding to HA particles had no
activity but free cyt c remained active. HA particles inactivated cyt
c but caused no synergistic effect, in contrast to other reports.
In an organism, any substance including nanosized materials
may enter cytoplasm through cell membrane then to cause
toxicity. However, it was inevitable to interact with the membrane
phospholipid and membrane protein during its transmembrane.
Certainly, the transmembrane impedance effect (TMIE) [38]
excludes any unwanted substance, especially nanosized ones owing
to a much greater steric effect. From the SEM images (Fig. 4), the
SiO2 particles were distributed throughout the outer surface. HA
and TiO2 aggregated together into the bigger particles around the
Figure 5. Cartoon illustration for proteins binding to nano-HA. A: cyt c and B: hb. Positive-negative charge attraction pulled the peptide
chain binding on the particle surface and N-H???O and O-H???O hydrogen bonds formed. Twisting and transmutation of the peptide chain is
illustrated intuitively.
doi:10.1371/journal.pone.0032818.g005
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membrane transporter protein conformation may be altered so
that the normal physiological metabolism of embryos may be
affected.
From the photographs taken during zebrafish embryo develop-
ment (Fig. 6), most of the embryos hatched out at 3 dpf in the
control group (Fig. S7 A, B and C, Fig. 7 A). In the 200 mg/L
nano-TiO2 exposure group (Fig. S7 B), none of the embryos
hatched out at 3 dpf, and some hatched out at 3.5 dpf (Fig. S7 B)
with obviously PE and YSE (Fig. 6 B-3, 4). Nano-TiO2 went
through the chorion easily and transported to the developing
embryo cell. This disrupted oxidative phosphorylation [39] and
reduced myocardial contractility to make the ventricular dysfunc-
tion. Hence serious PE and YSE were found in the exposed
embryos (Fig. 6 B-2) and larvae (Fig. 6 B-3, 4). In the 400 mg/L
nano-TiO2 exposure group, 30% of embryos and larvae had PE
and YSE (Fig. S7 E, Fig S7 H). This is similar to the effects of
CuxTiOy nanometer particles on biological toxicity during
zebrafish embryogenesis [40]. However, none of embryos and
larvae had YSE in the HA group. Nano-SiO2 mainly adsorbed on
the out surface of chorion (Fig. 4 C), which might affect the
nutrient absorption and vitamin synthesis to cause the axial
malformation (AM) to the exposed embryos and larvae (Fig. 6 C).
In nano-HA exposure groups, HA aggregated itself into the biggest
particles around the membrane protein (Fig. 4 D), so HA had a
little toxicity to the development of zebrafish (Fig. 6 D). However,
this is different from the effect of multisized gold and silver
manoparticles on zebrafish embryos [27]. From the mortality of
the embryos exposed to nano-HA, TiO2 and SiO2, none of the
embryos died before hatching (3 dpf) in the HA and SiO2
exposure groups (Fig. S7 J and L). The mortality data showed
obvious toxicity in more than 100 mg/L nano-TiO2. All embryos
and larvae died in 400 mg/L nano-TiO2 for 5 days exposure,
while only 30% died in 400 mg/L HA and SiO2 for 5 days (Fig. 7).
It is due to the oxygen free radical activity formed by nano-TiO2
[41].
In conclusion, the adsorption of two functional proteins to
nano-HA obeyed the Langmuir isotherm model. Charge attrac-
tion induced protein binding to nano-HA particles by electrostatic
attraction and hydrogen bond. The acidity and ion strength of the
media markedly affected the interaction. The protein binding area
and binding site were estimated by f-potential, fluorescence and
CD and then the binding model was inferred. Nano-HA particles
changed the secondary conformation of proteins by twisting and
pulling the peptide chains. Nano-HA particles inactivated cyt c
activity but caused no synergistic effect. By comparing three
nanosized materials, e.g. HA, TiO2 and SiO2, they were adsorbed
on the cell membrane. The SiO2 particles were distributed
throughout the outer surface, which caused the jam of membrane
passage, delay of the hatching time and axial malformation. HA
aggregated into the biggest particles around the membrane protein
and then caused a little toxicity to development of zebrafish
embryos. Owing to the oxygen free radical activity, TiO2 causes
some serious deformity characters in the cardiovascular system.
The method established in this work could be used to understand
the interaction of nanomaterials with proteins and their influence
on the development of zebrafish.
Materials and Methods
Instruments and materials
The absorption spectra of all suspensions/solutions were
recorded with a Model Lambda-25 spectrometer (Perkin-Elmer,
USA) equipped with a thermostatic cell holder to link with a
Model TS-030 water-circulated thermostatic oven (Yiheng Sci.
Technol. Shanghai, China). A Model J-715 CD Spectropolarim-
eter (Jasco Instrum., Japan) was used to measure protein
conformations. Fluorescence spectra were recorded with a Model
F-4500 Fluorescence Spectrophotometer (Hitachi, Japan). f-
potential was measured with a Model Zetasizer nano f-Potential
Analyzer (Malvern Instruments, UK). A Model LS230 Particle
Size Analyzer (Beckman Coulter, USA) with a Model LFC-101
Laser Channel (Ankersmid Ltd., Holland) was used to measure the
distribution of the aggregates. A freeze-drying instrument (Model
K750X, Jintan Etong Electrons, China) was used to prepare the
lyophilized embryos. A scanning electron microscopy (SEM)
(Model S-4800, Hitachi Inc., Japan) was used to measure
morphology of particles and chorion. An ultrasonic cleaning
device (Model SK3300H, Shanghai Ultrasonic Cleaning Instru-
ments, China) was used to accelerate the dispersion of nanoma-
terials. An inverted microscope (Model TE2000-U, Nikon Inc.,
Japan) with the charge-coupled device (CCD) (Evolution
TM MP,
Media Cybernetics, Japan) and digital photomicrography com-
puter software (Image-Pro Plus 6.0) was used to observe the
toxicity characteristics of embryos and larvae.
Nano-HA (5000 mg/L) (average particle size 20 nm, Nanjing
Emperor Nano Material Co., Ltd. China) was used without
further modification. It was suspended in deionized water and
mixed ultrasonically for 10 min before use. Cyt c from horse heart
(2000 mg/L) (Sigma, USA) was freshly prepared. Hemoglobin
from bovine blood (2000 mg/L) (Shanghai Chemical Reagents,
China Med. Group) was dissolved in deionized water and stored at
less than 4uC. Britton-Robinson (B-R) buffers, from pH 4.0 to 8.4,
were prepared to adjust the acidities of solutions, and the ionic
Figure 6. Toxicity characteristics of Zebrafish embryos and larvae. The normal developing embryos and larvae exposed in the reconstituted
water (A), 400 mg/L nano-TiO2 (B), 400 mg/L nano-SiO2 (C) and 400 mg/L nano-HA (D). AM- axial malformation, E- edema, P- pericardial, PE-
pericardial edema, YS- yolk sac and YSE- yolk sac edema.
doi:10.1371/journal.pone.0032818.g006
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were purchased from China Med. Group. Methyl green was
obtained from Shanghai Kayon Biological Technology (China).
Photometric determination of nano-HA-protein
interaction
Proteins and nano-HA were mixed in 10-ml calibrated flasks
containing 10 to 200 mg/L cyt c and 500 mg/L nano-HA
particles or 20 to 300 mg/L hb and 2500 mg/L nano-HA
particles; 2.0 ml of pH 7.4 B-R buffer and 1.0 ml of 1.5 M NaCl
were added. Each suspension was diluted to 10.0 ml with
deionized water and mixed thoroughly. The calibrated flasks were
incubated in a water bath at 37uC with magnetic stirring
(500 rpm). After 12 h, the solids with adsorbed proteins were
separated by centrifugation at 10,000 rpm for 10 min. The
absorbances of the supernatants containing cyt c and hb were
measured at 405 nm by UV-VIS spectrophotometry. A reagent
blank without cyt c or hb was prepared simultaneously by the
same procedures.
Using these procedures, a series of suspensions were prepared
initially containing 0 to 250 mg/L cyt c, 500 mg/L nano-HA,
2.0 ml of pH 7.4 B-R buffer and 1.0 ml of 1.5 M NaCl. And
another series of suspensions were prepared initially containing 0
to 50 mg/L hb, 500 mg/L of nano-HA, 2.0 ml of pH 7.4 B-R
buffer and 1.0 ml of 1.5 M NaCl. Each suspension was diluted to
10.0 ml with deionized water and mixed thoroughly. The
calibrated flasks were incubated in a water bath for 12 h at
37uC with magnetic stirring (500 rpm). After 12 h, the absorption
spectra of the suspensions were measured between 450 and
600 nm against water.
Particle size and f-potential measurement
The same procedures were used to prepare two series of
suspensions initially containing (a) 0 to 300 mg/L cyt c and
500 mg/L nano-HA particles, 0 to 60 mg/L hb and 500 mg/L
nano-HA particles, and (b) 0 to 250 mg/L cyt c and 500 mg/L
nano-HA, 0 to 50 mg/L hb and 500 mg/L nano-HA, all
containing 2.0 ml of pH 7.4 B-R buffer and 1.0 ml of 1.5 M
NaCl. Each suspension was diluted to 10.0 ml with deionized
water and mixed thoroughly. The calibrated flasks were incubated
in a water bath for 24 h at 37uC with magnetic stirring at
500 rpm. The size distribution of the particles in suspension (a)
was measured using a particle size analyzer, and f-potential of
suspension (b) was measured with the f-potential analyzer.
Fluorescence measurement
The following suspensions were prepared in 10-ml calibrated
flasks: 200 mg/L cyt c, 0 to 700 mg/L nano-HA particles,
250 mg/L hb and 0 to 900 mg/L nano-HA particles. All the
suspensions contained 2.0 ml of pH 7.4 B-R buffer and 1.0 ml of
1.5 M NaCl. They were diluted to 10.0 ml with deionized water
and mixed thoroughly. After 10 min, the fluorescence spectrum of
each suspension was measured with excitation wavelength 280 nm
and emission wavelength between 300 and 375 nm (both 5 nm slit
widths). The solids with adsorbed proteins were separated by the
aforementioned method and the fluorescence spectra of the
supernatants were obtained. Simultaneously, a reagent blank
without proteins was performed by the same procedure.
CD measurement
CD spectra were recorded over the range 190 to 250 nm at
37uC using a spectropolarimeter. 100 mg/L cyt c and 70 mg/L
hb was mixed with 200 mg/L nano-HA particles respectively. All
the suspensions contained 1 ml of pH 7.4 B-R buffer and each was
diluted to 10 ml. The suspensions were incubated in a water bath
at 37uC with magnetic stirring at 500 rpm. After 24 h, CD spectra
were obtained using a 1-mm light path cell. The mean residue
ellipticity (MRE) was calculated and corrected with a blank
without protein. Three replicate measurements were made. The
percent fraction of a-helix, b-pleated sheet, b-turn and random
coil were calculated.
Peroxidase activity of cytochrome c
The peroxidase activity of cyt c was measured using the
chromogenic substrate ABTS at pH 7.4 [42]. Each 10-ml
calibrated flask contained 0.100 g/L cyt c, 2.0 ml of pH 7.4 B-
R buffer, 1.0 ml of 1.5 M NaCl and 0 to 400 mg/L nano-HA
particles. These suspensions were put into a water bath and
incubated at 37uC for 24 h with magnetic stirring (500 rpm). Free
cyt c and cyt c-HA were prepared, and then a fresh ABTS solution
was added. Hydrogen peroxide was added to give a final mixture
(25 mM ABTS, 120 mM hydrogen peroxide) for incubating
Figure 7. Toxicity-causing rate of Zebrafish embryos and larvae. A: Hatching rate, B: Mortality, C: PE and D: YSE. Exposed in 100 mg/L nano-
HA, 100 mg/L nano-TiO2 and 100 mg/L nano-SiO2.
doi:10.1371/journal.pone.0032818.g007
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was added, the samples were immediately measured at 415 nm for
5 min. The initial reaction rate and the peroxidase activity were
normalized against the cyt c concentration.
Cultivation, collection and exposure of embryos
The parental zebrafish were kept in a 25-L tank with the
following control settings: 250 mg/L hardness, pH 7.560.5,
10.560.5 mg/L dissolved oxygen. The photoperiod was adjusted
to 14 h /10 h of the light/dark cycle at 2661uC. They were fed
regularly with frozen red mosquito larvae from an uncontaminat-
ed source. Before testing, several spawning boxes (12620612 cm)
each containing a mesh (3–4 mm gap) were placed in a tank with 6
male and 3 female fish in each box. Spawning and fertilization
took place within 30 min under the light illumination. The
fertilized eggs were collected and rinsed with reconstituted water,
which had been ventilated closed to 100% oxygen saturation. The
normally developing embryos were chosen under an inverted
microscope. For valid experiments, fertilized eggs were obtained
only from spawns with a fertilization rate higher than 90%. Two
hours post fertilization (hpf) embryos and two hours post hatching
(hph) larvae were used for exposure.
Toxicological test of nanomaterials
The embryos were exposed in nano-TiO2, nano-SiO2 and
nano-HA media. 25 ml glass petri dish was used as test chambers
for the toxicity bioassays. Ten embryos were exposed in 20.0 ml of
liquids and incubated at 2660.5uC at 14 h light / 10 h dark
photoperiod, where every nanomaterial was between 50 and
400 mg/L. The control sample was prepared with the reconsti-
tuted water instead of nanomaterial. Photographs of the toxicity
characteristics of embryos and larvae were obtained at 2 to 6 dpf
with an inverse microscope and the images were compared. The
death was defined by cessation of heart beat or coagulation of the
embryos and the mortality of the embryos and larvae were
calculated. In the tests, dead embryos and larvae were removed
from the petri dish in time. Each test was replicated three times
consecutively. In addition, in order to observe effects of three
nano-sized materials on the structure and shape of the cell
membrane surface, the embryos exposed in three nanosized
materials. After incubation, the supernatant was removed, and the
embryos were freeze-dried for 12 h at 255uC. The SEM
morphology of the lyophilized embryos was observed using
SEM, and photographs were captured. After incubation for
12 h, each supernatant was removed, and the embryos were
incubated with 10 lM DiO for 10 min. The morphology of the
exposed embryos was observed using an inverted microscope.
Photographs were captured and differences were observed and
noted.
Supporting Information
Figure S1 Absorption spectra of the HA-cyt c suspen-
sions. A: containing 500 mg/L HA and cyt c from 0 to 250 mg/
L (1 to 6) at pH 7.4 in 0.15 M NaCl and B: 500 mg/L HA and hb
from 0 to 50 mg/L. C and D: Plots lgA vs. lgl of the above
suspensions.
(TIF)
Figure S2 SEM images of HA and its protein aggregates.
A: HA, B: the HA– cyt c aggregate and C: the HA –hb aggregate.
(TIF)
Figure S3 Fluorescence spectra of cyt c and hb in the
presence of HA. A: Fluorescence spectra of HA-cyt c
suspensions containing 200 mg/L cyt c and 0, 50, 75, 100, 200,
300, 400, 500, 600 and 700 mg/L HA (1 to 10); B: the same as A
but containing 250 mg/L hb and 0, 100, 200, 300, 400, 500, 600,
700, 800 and 900 mg/L HA (1 to 10). All in 0.15 M NaCl at
pH 7.4 were measured against the reagent blank without protein.
C and D: spectra of the liquids’ supernatants without HA.
(TIF)
Figure S4 CD spectra of cyt c and hb in the presence of
HA. A: suspensions containing 100 mg/L cyt c and 0 (1) and
200 mg/L (2) HA at pH 7.4 and B: ones containing 70 mg/L hb
and 0 (1) and 200 mg/L (2) HA at pH 7.4.
(TIF)
Figure S5 Effects of pH, temperature and electrolyte on
c. pH (A, D), temperature (B, E) and electrolyte (C, F). #: the cyt
c (80 mg/L) - HA (500 mg/L) liquids and ??? : the hb (100 mg/L)
- HA (2500 mg/L) liquids.
(TIF)
Figure S6 Effect of pH on surface potential of HA.
Variation of the f - potential of HA with pH.
(TIF)
Figure S7 Effects of nanomaterials on hatching rate,
pericardial edema, yolk sac edema and mortality. The
hatching rate (A to C), ericardial edema (D to F), yolk sac edema
(G to I) and mortality (J to L) of zebrafish embryos and larvae
exposed in various nano-HA, TiO2 and SiO2 suspensions.
(TIF)
Author Contributions
Conceived and designed the experiments: YZ HG. Performed the
experiments: ZX CS. Analyzed the data: ZX CS LW. Contributed
reagents/materials/analysis tools: YZ HG. Wrote the paper: ZX HG.
References
1. Krishna ADS, Mandraju RK, Kishore G, Kondapi AK (2009) An Efficient
Targeted Drug Delivery through Apotransferrin Loaded Nanoparticles. PLoS
ONE 4: e7240. doi:10.1371/journal.pone.0007240.
2. Nel A, Xia T, Madler L, Li N (2006) Toxic potential of materials at the
nanolevel. Science 311: 622–627.
3. Zhang LJ, Webster TJ (2009) Nanotechnology and nanomaterials: Promises for
improved tissue regeneration. Nano Today 4: 66–80.
4. Stone V, Johnston H, Clift MJD (2007) Air pollution, ultrafine and nanoparticle
toxicology: Cellular and molecular interactions. IEEE T Nanobiosci 6: 331–340.
5. Qin LL, Xue M, Wang WR, Zhu RR, Wang SL, et al. (2010) The in vitro and in
vivo anti-tumor effect of layered double hydroxides nanoparticles as delivery for
podophyllotoxin. Int J Pharm 388: 223–230.
6. Roperto S, De Tullio R, Raso C, Stifanese R, Russo V, et al. (2010) Calpain3 Is
Expressed in a Proteolitically Active Form in Papillomavirus-Associated
Urothelial Tumors of the Urinary Bladder in Cattle. PLoS ONE 5: e10299.
doi:10.1371/journal.pone.0010299.
7. Srinivasan A, Uppuluri P, Lopez-Ribot J, Ramasubramanian AK (2011)
Development of a High-Throughput Candida albicans Biofilm Chip. PLoS
ONE 6: e19036. doi:10.1371/journal.pone.0019036.
8. Kim NH, Jeong MS, Choi SY, Kang JH (2004) Peroxidase activity of
cytochrome c. Bul Kor Chem Soc 25: 1889–1892.
9. Osmond MJ, McCall MJ (2010) Zinc oxide nanoparticles in modern sunscreens:
An analysis of potential exposure and hazard. Nanotoxicology 4: 15–41.
10. Dhawan A, Sharma V, Parmar D (2009) Nanomaterials: A challenge for
toxicologists. Nanotoxicology 3: 1–9.
11. Motskin M, Wright DM, Muller K, Kyle N, Gard TG, et al. (2009)
Hydroxyapatite nano and microparticles: Correlation of particle properties
with cytotoxicity and biostability. Biomaterials 30: 3307–3317.
12. Dwivedi PD, Misra A, Shanker R, Das M (2009) Are nanomaterials a threat to
the immune system? Nanotoxicology 3: 19–26.
13. Kreyling WG, Semmler-Behnke M, Moller W (2006) Health implications of
nanoparticles. J Nanopart Res 8: 543–562.
Toxicity of Three Typical Nano/Micromaterials
PLoS ONE | www.plosone.org 8 April 2012 | Volume 7 | Issue 4 | e3281814. Dunford R, Salinaro A, Cai LZ, Serpone N, Horikoshi S, et al. (1997) Chemical
oxidation and DNA damage catalysed by inorganic sunscreen ingredients. FEBS
Lett 418: 87–90.
15. Donaldson K, Stone V, Seaton A, MacNee W (2001) Ambient particle
inhalation and the cardiovascular system: Potential mechanisms. Environ Health
Persp 109: 523–527.
16. Fenech M (2000) The in vitro micronucleus technique. Mutat Res-Fundam Mol
Mech Mutagen 455: 81–95.
17. Yeo MK, Kang M (2009) Effects of Cu (x) TiO (y) nanometer particles on
biological toxicity during zebrafish embryogenesis. Kor J Chem Eng 26:
711–718.
18. Kang JH (2006) Carnosine and homocarnosine inhibit cytochrome c-mediated
DNA strand breakage. Bul Kor Chem Soc 27: 1891–1893.
19. Wang YQ, Zhang HM, Wang RH (2008) Investigation of the interaction
between colloidal TiO2 and bovine hemoglobin using spectral methods. Colloid
Surfaces B 65: 190–196.
20. Xu Z, Liu XW, Ma YS, Gao HW (2009) Interaction of nano-TiO2 with
lysozyme: insights into the enzyme toxicity of nanosized particles. Environ Sci
Pollut Res 17: 798–806.
21. Li BG, Sui YF, Li ZJ, Yin GF, Guo SW, et al. (2007) Chloramphenicol and
cardiotoxicity. Rare Metal Mat Eng 36: 124–127.
22. Giacomelli CE, Avena MJ, DePauli CP (1997) Adsorption of bovine serum
albumin onto TiO2 particles. J Colloid Interface Sci 188: 387–395.
23. Roddick-Lanzilotta AD, Connor PA, McQuillan AJ (1998) An in situ infrared
spectroscopic study of the adsorption of lysine to TiO2 from an aqueous solution.
Langmuir 14: 6479–6484.
24. Larsericsdotter H, Oscarsson S, Buijs J (2005) Structure, stability, and
orientation of BSA adsorbed to silica. J Colloid Interface Sci 289: 26–35.
25. Nezu T, Masuyama T, Sasaki K, Saitoh S, Taira M, et al. (2008) Effect of pH
and Addition of Salt on the Adsorption Behavior of Lysozyme on Gold, Silica,
and Titania Surfaces Observed by Quartz Crystal Microbalance with
Dissipation Monitoring. Dent Mater J 27: 573–580.
26. Zhou SL, Dong QX, Li SN, Gu JF, Wang XX, et al. (2009) Developmental
toxicity of cartap on zebrafish embryos. Aquat Toxicol 95: 339–346.
27. Bar-Ilan O, Albrecht RM, Fako VE, Furgeson DY (2009) Toxicity Assessments
of Multisized Gold and Silver Nanoparticles in Zebrafish Embryos. Small 5:
1897–1910.
28. Bai W, Zhang ZY, Tian WJ, He X, Ma YH, et al. (2009) Toxicity of zinc oxide
nanoparticles to zebrafish embryo: a physicochemical study of toxicity
mechanism. J Nanopart Res 12: 1645–1654.
29. Gao HW (1999) Establishement of SS absorption in suspension liquid.
Asian J Chem 11: 1556–1558.
30. Li L, Gao HW, Ren JR, Chen L, Li YC, et al. (2007) Binding of Sudan II and
IV to lecithin liposomes and E-coli membranes: insights into the toxicity of
hydrophobic azo dyes. BMC Struct Biol 7: 9.
31. Chen YNT FF, Wang SL, Gao HW (2008) Binding of brilliant red compound to
lysozyme: insights into the enzyme toxicity of water-soluble aromatic chemicals.
Amino Acids 36: 399–407.
32. Xu Z, Wang SL, Gao HW (2010) Effects of nano-sized silicon dioxide on the
structures and activities of three functional proteins. J Hazard Mater 180:
375–383.
33. Hu HY, Xu GJ (1999) Structural transformation of proteins. Prog Biochem
Biophys 26: 9–12.
34. Skulachev VP (1998) Cytochrome c in the apoptotic and antioxidant cascades.
FEBS Lett 423: 275–280.
35. Turkmen D, Yavuz H, Denizli A (2006) Synthesis of tentacle type magnetic
beads as immobilized metal chelate affinity support for cytochrome c adsorption.
Int J Biol Macromol 38: 126–133.
36. Uysal A, Demirel G, Turan E, Caykara T (2008) Hemoglobin recognition of
molecularly imprinted hydrogels prepared at different pHs. Analytica Chimica
Acta 625: 110–115.
37. Wang B, Teng LR, Wang CY, Meng QF, Zhao LZ, et al. (2007) Protein
adsorption onto nanosized hydroxyapatite particles for controlled drug release.
Chem Res Chinese U 23: 254–257.
38. Song C, Gao HW, Wu LL (2011) Transmembrane Transport of Microcystin to
Danio rerio Zygotes: Insights into the Developmental Toxicity of Environmental
Contaminants. Toxicol Sci 122: 395–405.
39. Watanabe A, Nagai H, Nagashima Y, Shiomi K (2009) Structural character-
ization of plancitoxin I, a deoxyribonuclease II-like lethal factor from the crown-
of-thorns starfish Acanthaster planci, by expression in Chinese hamster ovary
cells. Fisheries Sci 75: 225–231.
40. Yeo MK, Kang M (2008) Effects of nanometer sized silver materials on
biological toxicity during zebrafish embryogenesis. Bul Kor Chem Soc 29:
1179–1184.
41. Zhao JF, Li N, Wang SS, Zhao XY, Wang J, et al. (2010) The mechanism of
oxidative damage in the nephrotoxicity of mice caused by nano-anatase TiO2.
J Exp Nanosci 5: 447–462.
42. Shang W, Nuffer JH, Muniz-Papandrea VA, Colon W, Siegel RW, et al. (2009)
Cytochrome c on Silica Nanoparticles: Influence of Nanoparticle Size on Protein
Structure, Stability, and Activity. Small 5: 470–476.
Toxicity of Three Typical Nano/Micromaterials
PLoS ONE | www.plosone.org 9 April 2012 | Volume 7 | Issue 4 | e32818